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Abstract 
Electromechanical and acoustical characterization of PZT piezoceramic elements and high-power ultrasound 
transducers has been done around resonance frequencies in order to determine the features of the models that 
describe the considered devices, both as equivalent circuits and as nonlinear oscillators. Several measurement 
methods have been compared, including the frequency-sweeping method with constant excitation voltage, the 
magnitude-sweeping method at a constant excitation frequency and the method that uses impulse excitation. The 
parameters that describe the losses in a coupled nonlinear electro-mechanical-acoustical system greatly depend on 
the type of excitation and its level. A novel algorithm is tested, designed for tracking the changes of the series 
resonance frequency and impedance magnitude and phase with the excitation level. It enables a more precise 
determination of the resonance frequency and impedance changes over different levels of excitation, which is 
especially important in high-power resonant applications. The characterization based on frequency sweeping at 
different excitation levels is influenced by changing electrical parameters (current, voltage, power) due to different 
complex loading of the excitation amplifier and the changes of thermodynamic conditions. The characterization of 
transducers in loaded condition through frequency sweeping at higher signal levels gives no results when cavitation 
in front of the horn appears, because the impedance magnitude changes at higher excitation voltages. Using the 
tracking algorithm, the impedance magnitude at resonance frequency has been determined in a range of different 
excitation levels up to 35 VRMS. Before the onset of nonlinear effects such as cavitation or acoustic streaming, the 
impedance magnitude increases due to viscosity effects. 
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1. Introduction 
The parameters of piezoceramic materials are often used as inputs in theoretical transducer models of complete 
transducers. In these models the excitation signals are short pulses, with much higher amplitudes compared to the 
low voltage magnitude (usually less than 1 VRMS) of frequency sweeping signals at which the values of the 
modelling parameters are determined.  The problem with measurements at higher excitation levels is the change of 
resonance frequency over time due to changed thermodynamical conditions and nonlinear effects, as shown in 
Sheritt et al.  
2. Measurement setup 
The measurement setup for all types of excitations considered in the research is shown in Fig. 1. The frequency 
sweeping setup consists of BODE 100 two channel vector/network analyzer which can be driven with constant 
frequency and changing source magnitude or at constant source magnitude with changing frequency. The algorithm 
for tracking the resonance frequency has been developed using BODE automation interface in MATLAB.  
 
 
 
 
         
 
 
Fig. 1.  Measurement setup for admittance measurements on the DUT by using continuous and impulse excitation. 
3. Theoretical modeling of the piezoceramic element and Tonpiltz horn transducer 
The most complex part of a transducer is the piezoceramic element, where piezoelectric equations are coupled with 
rigid body dynamics. The relationship between dependent variables (external stress T and dielectric flux D) and 
independent ones (strain S  and electric field E) is given with equations for thickness extensional mode of vibration, 
as shown in Berlincourt et al. The behaviour of a piezoceramic plate around TE resonance and the Tonpiltz horn 
transducer can be described as shown in Fig. 2, assuming that piezoelectric coefficients are constant (the 
temperature and nonlinear effects are neglected); see Abboud et al. 
 
Fig. 2. Approximation of a piezoceramic element (left) and the TONPILTZ transducer (right) as lumped elements around TE modes 
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Assuming the system is linear, the input electrical admittance in the electromechanical system is given with Eq.1. 
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     (1) 
The half equivalent mass of the piezoceramic element is denoted with m, Zm is the mechanical radiation 
impedance, Ȧ is the angular frequency, dm are the losses in the vibration system, CS is the capacity out of resonance 
at constant strain, kE is the spring stiffness, and N is the transformation ratio expressed with piezoelectric force 
constant e in the form N=eǜA/t, where A is the surface area of the piezoceramic element and t is its thickness.  
The tracking algorithm (for measuring only the real part of admittance) begins by performing an initial sweep at 
low excitation level, within the narrow frequency region that contains the serial resonance frequency. To find the 
resonance frequency itself, an analysis of the phase characteristics is performed. Two measurement points in the 
vicinity of the zero phase crossing are found, the one with the smallest positive phase value P(f1), and the 
neighbouring one with the smallest negative phase value P(f2) (in terms of absolute value). A line is then defined 
through those two points, (f1, P(f1)) and (f2, P(f2)). Knowing the slope and the original two points, the serial 
resonance frequency fs is estimated as the frequency at which the phase curve has its zero crossing. Once the serial 
resonance frequency has been found at the lowest excitation level, an iterative measurement procedure begins. The 
level is increased and the first measurement of the phase on the currently set level is performed at the serial 
resonance frequency found for the previous excitation level. The slope of the phase characteristics, determined for 
the previous excitation level, is used to assess the resonance frequency for the current level. Another measurement 
of the phase is then performed at the assessed resonance frequency. If the phase value is close enough to zero, i.e. if 
it is within a preset threshold range (e.g. within 5°), the assessed frequency is declared the resonance frequency. If 
not, a straight line is defined through the two points defined by the frequencies and the phases obtained in the first 
two measurements, as in Eq. 4. The zero crossing of that line is declared the possible resonance frequency, and the 
third measurement of the phase at that frequency is made. Its proximity to zero is assessed again, and the procedure 
is repeated until the phase is found to be within the preset threshold range. 
4. Results 
The results are shown for a sample of the APC841 (diameter 49 mm and thickness 10.015 mm) and APC 851 
(diameter 25 mm and thickness 2 mm) piezoceramics and the Tonpiltz horn transducer, both characterized at low 
and high excitation levels. The temperature of the piezoceramic sample has increased from 25 Cº to 60 ºC during the 
measurements (30 steps from 0.7 V up to 30 V in 5 minutes). 
Fig.3. The results of electromechanical characterization of  a piezoceramic element using the classical frequency up-sweeping method at different 
voltage levels of excitation (left), and using the algorithm for tracking the series resonance frequency of the TE mode (right) 
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Fig. 4. The results of electromechanical characterization of the TONPILTZ transducer using the algorithm for tracking the series resonance 
frequency from the phase characteristics, measured in air (left), and when the front surface is loaded with water (right) when cavitation appears 
The same procedure is repeated for small APC851 element made from PZT-4 around TE mode around 1 MHz 
with algorithm for tracking and impulse excitation (the temperature has increased from 25 ºC up to 55 ºC), see Fig 5. 
Fig.5. Admittance magnitude around the series resonance frequency of the APC 851 element and the series resonance frequency found using the 
tracking algorithm (left), and impulse excitation (right) 
5. Conclusion 
The resonance frequency and admittance magnitude in resonance both decrease with the increase of excitation 
levels. The magnitude of pressure (not shown in the paper) measured on the radiation surface initially increases with 
excitation level, then comes into saturation and finally decreases with further increase of excitation level. The 
obtained results can be beneficial if the parameters of a transmitting device were initially determined at low 
excitation levels, and then the operating range of the device was extended to higher levels.  
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